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Abstract

We have studied prompt diphoton production in proton-antiproton collisions at a center-

of-mass energy of 1.8TeV by the Collider Detector at Fermilab (CDF ) .

Diphoton production in hadron-hadron collisions is one of the clear probe for testing

the Next-to-Leading Order (NLO ) calculation of the QuantumChromodynamics (QCD)

because of the advantage of the detection of photons with small systematic uncertainty

and good energy resolution. The measurement of the diphoton production cross section

can be used to check the QCD calculation. By looking at the transverse momentum of

the diphoton system, diphoton production is also a good probe for measuring the e�ects

of multiple initial soft gluon radiations and the intrinsic transverse momentum of the

initial state partons, which are beyond the NLO prediction.

The data were collected by the CDF detector placed at B�area of the Fermilab

Tevatron collider during 1992 - 1995 collider run. The total integrated luminosity was

about 110 pb

�1

. The trigger system, including both the hardware and the software

modules, required the collision events to have two large and isolated electromagnetic

energy depositions in the Central Electromagnetic Calorimeter (CEM) .

At o�ine level, we selected EM clusters which had no tracks associated with them.

Using the Central Electromagnetic Strip chamber (CES), which were embedded in the

CEM near the shower maximum, we required that the EM shower pro�le should be

consistent with that obtained from testbeam electrons. Candidate photons with large

additional CES clusters were rejected. At p

T

� 12GeV/c, we obtained 652 events as the

diphoton candidate events. The e�ciencies of each selection criterion for the photons

were calculated with various CDF physics datasets.

The backgrounds against prompt photons come from neutral mesons (�

0

's, �'s, and

K

0

s

's ) decaying into multiple photons. We cannot separate them on event-by-event basis,

so we subtracted the backgrounds statistically by using the information from the CES



shower pro�le and the conversion rate in the Central Preradiator detector (CPR) placed

in front of the CEM.

The photon fraction in the diphoton candidates was evaluated as a function of the

transverse momentum (p

T

) of the photons. It showed a large photon purity at high p

T

region (0.6 at p

T

= 25GeV/c).

The di�erential cross section for diphoton production was measured as a function of

the photon p

T

, the invariant mass (M) of the diphotons, the azimuthal angle between

diphotons ( ��), the ratio of the transverse momenta of the two photons (Z) and the

p

T

of the diphoton system. The results were compared with the NLO QCD prediction

with CTEQ2M parton distribution functions. The results, as a function of the photon

p

T

,M and ��, were consistent with the NLO prediction, while the results on the Z and

the diphoton system p

T

showed slight di�erences between data and theory.
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Chapter 1

Introduction

1.1 Large-Momentum-Transfer Production of Prompt

Photons

The Quantum Chromodynamics (QCD) [1] has been successfully describing the dy-

namics of the collisions between hadrons. One of the key features of the theory is

the property of asymptotic freedom [2][3], which describes the weakening of the e�ec-

tive quark-gluon coupling at short distances or, equivalently, large momentum transfers.

The characteristic of asymptotic freedom allows application of perturbative techniques

to the problem of short-distance interactions. The large-momentum-transfer processes

in hadron-hadron collisions have played an important role in testing the QCD.

In the Collider Detector at Fermilab (CDF), various physics processes in hadron -

hadron collisions were used to test the QCD; for example, lepton pair production [4],

Z boson plus jet production [5], and inclusive jet cross section [6]. All of the results

showed qualitative agreement with the QCD predictions.

The prompt photon production with large transverse momentum in hadron - hadron

collisions is also a good probe for testing the QCD [7]. Although the cross section of the
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prompt photon production is small compared with that of jet production, there is less

ambiguity of the parton fragmentation processes at the �nal state. The momentum of

the photons in the �nal state can be also accurately measured with the electromagnetic

(EM) calorimeter which has a �ne energy resolution, while the momentum of the jets

must be measured with both the EM and the hadron calorimeters and the resolution of

the hadron calorimeter is worse than the EM calorimeter.

Measurement of the diphoton production in hadron - hadron collisions is thus impor-

tant for testing the QCD. The number of Feynman diagrams used in the QCD prediction

is restricted by requiring the existence of two photons in the �nal state. The Feynman

diagrams for the leading-order diphoton processes are shown in Fig. 1.1.

1.2 Formalism

Figure 1.2 a schematic drawing of such a high p

T

process in hadron-hadron collisions,

where A and B are the initial hadrons, C and D are the �nal state objects after the

fragmentation processes. The corresponding expression for the invariant cross section of

the particle C is

E

C

d�

d
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dx
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where p

C

is the momentum of outgoing particle C, x

a

and x

b

are the momentum fractions

of the partons a and b with respect to the initial hadrons A and B, Q

2

is the momentum

transfer in the collision, G

a=A

(x

a

; Q

2

) and G

b=B

(x

b

; Q

2

) are the distribution functions

of the partons a and b, respectively, D

C=c

(z

c

; Q

2

) is the fragmentation function of the

particle C from parton c, ŝ,

^

t and û are the Mandelstam variables for the hard collision

of the partons ab ! cd,

d�

d

^

t

is the di�erential cross section for the two-body parton

scattering subprocess.

Theoretical e�orts on the parametrizations of a set of Q

2

-dependent parton distribu-
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tion functions have been made for the physics processes in high energy hadron-hadron

collisions using the data from deep inelastic scattering, J=	 and high-mass dilepton

production [8], where the Q

2

evolution of these distribution functions are calculated

with the Altarelli-Parisi equations [9]. The global �ts to the recent results from various

experiments (deep inelastic experiments, lepton-pair production experiments and direct

photon production experiments), have been also done to determine more sophisticated

parton distribution functions [10].

1.3 Leading Order and Next-to-Leading Order QCD

Predictions

The invariant cross sections for the leading-order subprocesses shown in Fig. 1.1 are

given in [7].

The next-to-leading order (NLO) QCD prediction for the diphoton production was

evaluated by Bailey et al. [11]. Following diphoton processes were included in this

calculation:

1. leading order Born process (Fig. 1.1 (a)),

2. leading order Box process (Fig. 1.1 (b)),

3. contributions of single- and double-photon bremsstrahlung; this item includes both

3-body and 4-body �nal states and also the collinear pieces that use photon frag-

mentation functions. The photon fragmentation functions are evolved with Q

2

just

as the usual hadronic fragmentation functions are done [7]. (Fig. 1.3),

4. Born processes with one virtual gluon exchange (Fig. 1.4),

5. Born processes with one real gluon emission (Fig. 1.5).

Single-photon bremsstrahlung contribution to the diphoton production was calcu-

lated using the 2!2 direct photon subprocess cross sections. Double-photon bremsstrahlung

3



process was also calculated using the 2!2 QCD subprocess cross sections. In the 2!3

and the 2!4 QCD subprocesses, 3-body and 4-body phase spaces were evaluated with

the Monte Carlo techniques [11].

Figure 1.6 shows the theoretical prediction for the NLO QCD calculations as a func-

tion of the transverse momentum (p

T

) of the photons. Here we put two entries in one

event. The momentum transfer Q

2

was chosen to be the p

2

T

of the leading photons.

In this calculation we used CTEQ2M parton distribution functions [10]. The energy

isolation cut which was used in this analysis of the experimental data was applied to

this calculation. The NLO calculation indicates that we will have diphoton events up to

around 70GeV with the integrated luminosity of 110 pb

�1

, assuming the acceptance of

the photon detection to be 1.

1.4 Study of the Background for Higgs Boson Hunt-

ing

The QCD diphoton production is considered to be the only dominant physics back-

ground for search for the Higgs bosons decaying to two-photons with large transverse

momentum [12] at future hadron colliders, such as LHC. The consistency between the

experimental result of the diphoton cross section and the theory should be checked for

the background study of this decay mode. The CDF and D�experiments are currently

the only experiments capable of doing this study.

1.5 Initial Soft Gluon Radiation and Intrinsic k

T

Smearing

The recent result of the inclusive photon cross section measured at CDF [13] shows

that the result is in agreement with the NLO QCD prediction but has a steeper slope

than the theory at low p

T

region. Figure 1.7 shows the result of the inclusive photon cross

4



section as a function of p

T

of the photons, where (data - theory)/theory is shown in linear

scale. The CTEQ group reported that such a shape was seen in other inclusive photon

measurements at various �xed target experiments, and one of the idea to understand

the shape was that the shape could be occurred by the transverse momentum of the

initial partons, which is caused by multiple initial soft gluon radiations, as well as the

intrinsic transverse momentum of the partons in the hadrons. In the parton model

approach it is assumed that the average value of the intrinsic transverse momentum

< k

T

> reects the size of the hadron via the uncertainty principle. This leads to the

expectation that < k

T

> may be in the range of several hundred MeV [7]. Both e�ects

are beyond the NLO calculation. The p

T

distribution of the photons is smeared by these

e�ects. Theoretical e�orts for explaining the slope of the inclusive photon cross section

are in progress with the help of the Monte Carlo techniques which take these e�ects into

account [15].

The diphoton production in hadron - hadron collisions is one of the clear probe for

measuring these gluon radiations and intrinsic transverse momentum, by measuring the

p

T

of the diphoton system, which corresponds to the p

T

of the system of the initial

partons.

1.6 Previous Results of Diphoton Cross Section

There are many experimental results of measuring the cross section for prompt

photon production. The review by Ferbel and Molzon [16] presents a summary of the

results of the early experiments with �xed targets and the comparison of the data with

the early theoretical works described in [7].

The �rst measurements of the diphoton cross section in �pp collisions were done

at UA2 and UA1 collaboration with CERN Sp�pS collider at

p

s = 630GeV [17][18].

UA2 presented data with large statistics, which were in agreement with the NLO QCD

prediction.
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p

T

bin (GeV/c) Mean p

T

(GeV/c) d�



=dp

T

(pb/GeV/c) Stat. (%) Sys. (%)

10-12 11.1 17.5 57 +31 -21

12-15 13.5 11.6 46 +45 -35

15-19 17.4 4.2 65 +41 -29

10-19 13.3 9.6 31 +37 -27

Table 1.1: The diphoton cross section as a function of photon p

T

from the total integrated

luminosity of 4.3 pb

�1

. Statistical and systematic errors are also listed.

CDF already published the result of the diphoton cross section with the total accu-

mulated luminosity of 4.3 pb

�1

[19]. Figure 1.8 shows the result of the cross section as a

function of the transverse momentum of the photons. The numerical values for the cross

section are shown in Table 1.1 with statistical and systematic errors. The central values

of the measured cross section were about 3 times higher than the NLO QCD prediction,

although the errors were large.

1.7 Other Topics on Diphoton Production

In 1996, CDF detected a diphoton candidate event, which also contained one electron

and one \electron like" particle, and large missing E

T

. CDF has investigated the event

in various aspects. The diphoton group looked at a missing E

T

distribution of \diphoton

plus missing E

T

" events [20]. It was reported that the shape of missing E

T

distribution

for diphoton events was consistent with that of Drell-Yan events.

1.8 Outline of the Thesis

In this thesis we present the result of the measurement of the cross section for dipho-

ton production at a center - of -mass energy

p

s = 1.8 TeV. The data were accumulated

using CDF detector. The total integrated luminosity was about 110 pb

�1

during 1992 -

1995 Fermilab Tevatron collider run. The components of the CDF detector relevant to

6



this analysis are described in Chapter 2, including the trigger system. In Chapter 3

we describe the criteria for selecting diphoton candidates, and evaluation of their ef-

�ciencies for real diphoton events. Chapter 4 describes the separation of the prompt

diphotons from neutral mesons decaying to multiple photons. Since the backgrounds

are not discriminated from real diphoton signals on event-by-event basis, we used a

statistical method using the information from the electromagnetic shower pro�le at the

shower maximum region and the conversion rates in front of the calorimeter. In Chapter

5, we evaluate the photon fraction in the �nal diphoton candidates, and we present the

di�erential diphoton cross section as a function of transverse momentum of the photons,

invariant mass of the diphotons, azimuthal angle between two photons, the ratio of p

T

for diphotons (Z = p

(2)

T

=p

(1)

T

) , and transverse momentum of the diphoton system. The

results are compared with the NLO QCD prediction. Systematic uncertainties in the

cross section measurement are also discussed. Finally we conclude in Chapter 6.
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Figure 1.1: Leading-order Feynman diagrams for diphoton production, (a) Born process,

(b) Box process.
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Figure 1.2: Schematic drawing of a high p

T

reaction factorized into parton distribution

functions (G), parton fragmentation functions (D), and a hard scattering subprocess.
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Figure 1.3: Feynman diagrams used in the NLO prediction for diphoton produc-

tion from the contributions of (a) one photon bremsstrahlung process, (b) diphoton

bremsstrahlung process, (c) one photon fragmentation process and (d) diphoton frag-

mentation process. The circle shows the fragmentation process for the �nal state quark.
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Figure 1.4: Feynman diagrams used in the NLO prediction for diphoton production with

one virtual gluon exchange.
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Figure 1.5: Feynman diagrams used in the NLO prediction for diphoton production with

one real gluon emission.
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Figure 1.6: The prediction of the diphoton cross section of the NLO calculation, as a

function of the transverse momentum of the photons.
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Figure 1.7: The result of the inclusive photon cross section measurement at CDF as a

function of p

T

of the photons, where (data-theory)/theory is plotted. Variations from

di�erent parton distribution functions are also shown. The solid line shows the NLO

prediction with CTEQ2M parton distribution functions, the dashed line shows that with

CTEQ2ML, the dotted line shows that with MRSD- parton distribution functions.
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Figure 1.8: The published result of the diphoton cross section as a function of the

photon p

T

measured at CDF. The total accumulated luminosity was 4.3pb

�1

. The data

were compared with the NLO(solid), LO(dotted) QCD predictions, PYTHIA LO with

(dashed) and without (dot-dashed) bremsstrahlung contributions.
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Chapter 2

The CDF Detector

In this chapter we describe the experimental apparatus, the Collider Detector at Fermilab

(CDF) , with emphasis on the central part of the CDF detector, especially for the central

electromagnetic calorimeter, where our sample of the diphoton candidates is selected and

used for the study of the diphoton cross section.

The CDF detector [21] is a general purpose solenoidal detector which was designed

for studying the proton-antiproton collisions at the center of mass energy of 1.8 TeV.

The detector covers almost of the 4� solid angle, down to 2

�

with respect to the beam

direction and 2� in azimuth. It consists of three parts, central, forward and backward,

as shown in Figure 2.1.

The apparatus is divided in roughly three categories; tracking device, calorimeters

and the muon detection system. The tracking systems measure the tracks of individual

charged particles. The calorimeters are used to measure the energy deposition of par-

ticles from the collision. The muon system is designed to detect the charged particles

penetrating the calorimeters.
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2.1 Tracking chambers

In the central region of the detector (Figure 2.2), tracking chambers reside within a 1.4

T solenoid coil [22]. They allow precise momentum analysis of charged particles. We

describe the three tracking chamber systems below.

2.1.1 Silicon Vertex Detector: SVX

The silicon vertex detector ( SVX )was installed at the beginning of the 1992 collider

run, which was designed to detect the secondary vertices which were caused by the

Lorentz boost of heavy mesons with long lifetimes, especially mesons from b quark

fragmentations.

The SVX is 51 cm long and consists of two barrel modules contacting at z = 0 cm.

Each barrel consists of four concentric cylindrical layers of DC-coupled silicon mi-

crostrips. The layers are located surrounding the beam pipe: 3.005 cm from the beam

line for the innermost layer, 4.256 and 5.687 cm for the middle two layers, and 7.866 cm

for the outermost layer. The silicon microstrips are 8.5 cm long and 300�m thick with a

strip pitch of 60�m for the inner three layers and 55�m for the fourth layer. The tracks

of the charged particles in R�� plane are reconstructed with the charge distribution of

each layer. The position resolution of the SVX in the R � � plane is about 13 �m at a

track transverse momentum of 3.5GeV/c.

The informations from the SVX are used to determine the track parameters of the

charged particles with the CTC as follows: �rst all tracks are reconstructed only with

CTC, then the tracks are extrapolated to each SVX layer. At least 2 hits in the four layers

are required to reconstruct the track parameters with both CTC and SVX informations.

The stand-alone reconstruction of the track parameters with SVX is not done.
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2.1.2 Vertex time projection chamber: VTX

The vertex time projection chamber (VTX) is located just outside the SVX. After

1988-1989 CDF collider run, the VTX was installed by replacing the similar chamber

called VTPC [23].

The VTX consists of 28 time projection chamber modules along the beam direction z,

and has a good track reconstruction capability in R-z plane. The main role of the VTX

is to determine the primary event vertex along the beam axis. The VTX determines the

event z vertex with an accuracy of about 3mm.

2.1.3 Central tracking chamber: CTC

The central tracking chamber (CTC) [24] is a large cylindrical drift chamber, 1.3

m in diameter and 3.2 m long (�gure 2.3). It is located outside the VTX and covers

the angular region 40

�

< � < 140

�

(�1 < � < 1, where the pseudorapidity � is de�ned

in the next section). The chamber consists of 84 layers of sense wires grouped into 9

\superlayers". Five of them consist of 12 axial wires, and four of them consist of 6 stereo

wires which have angles of �3

�

relative to the beam direction. The resolution of a single

hit point is about 200 �m, and the CTC provides a momentum resolution of

�p

T

=p

T

' 0:002 p

T

; (2:1)

where p

T

is the transverse momentum of a charged particle in GeV/c.

2.2 Calorimetry

A calorimetric device plays an important role in high energy experiments, especially

in hadron collider experiments. This is because it can measure the energy of neutral

particles as well as charged particles. Identi�cation of a particular class of particles,

an electron or photon for example, is also possible. Especially for the electromagnetic

18



calorimeters, the resolution of the particle energy becomes more precise at high energy,

which enables us to make the resolution of the various physics variables (momentum of

the electrons, the invariant mass of the two electron pair, etc. ) more precise than that

from CTC.

The CDF calorimeters are segmented into towers with projective geometry; each

tower points back to the nominal interaction point. The size of the tower is typically

15 degrees in azimuth and 0.1 in pseudorapidity �. The pseudorapidity � is de�ned by

� = � ln tan �=2, where � is the polar angle with respect to the proton beam direction (z).

The pseudorapidity � rather than � is used as the tower segmentation variable because

the distributions of any particles or hadronic jets in hadron colliders are roughly at in

this variable.

The CDF calorimeters consist of three parts (central, plug and forward) depending

on the angular region. Each calorimeter has two longitudinal components, the electro-

magnetic in front and the hadronic behind. In this way an electromagnetic shower can

be separated from a hadronic shower, because an electromagnetic (hadronic) shower has

a faster (slower) development as a function of the amount of materials a particle passes

through. All CDF calorimeters are of the sampling type, which consists of a passive

absorber to create particle showers and an active medium to detect secondary particles

in the showers.

2.2.1 Central electromagnetic calorimeter: CEM

The CDF central electromagnetic calorimeter (CEM) [25] consists of alternative

layers of a plastic scintillator as a sampling medium and a lead sheet as a showering

material. It is segmented into 24 modules in azimuth, and two along the beam direction,

comprising a total of 48 wedge shaped modules (Figure 2.4). A \wedge" module has 10

towers, each of which covers 15 degrees in azimuth and 0.1 in �.

The CEM has 31 scintillator layers and 30 lead layers, corresponding to a total

amount of materials of 16 radiation lengths (X

0

). The layers are placed parallel to the

19



beam line.

A typical size of a tower cell is 46 cm in the � direction (denoted by X in Fig. 2.4)

and 24 cm along the beam direction z. This is larger than the size of the electromagnetic

showers, which is only a few cm's wide laterally.

Each of the CEM towers is calibrated using an electron beam of 50 GeV momentum.

The calibration is maintained using

137

Cs radioactive sources for the overall calorimeter

response and the LED and Xenon asher system for the phototubes and lightguides.

The energy resolution of the CEM is measured using the test beam electrons to be

�(E)

E

=

0:135

p

E sin �

; (2:2)

where E is the energy measured in GeV and � is the polar angle. The dependence on

the polar angle is due to the increase in the absorber thickness in lower angle towers.

2.2.2 Central strip chambers: CES

A layer of wire proportional chamber (CES) is placed at approximate shower max-

imum of the CEM (nominal depth at 5.9 X

0

including the coil). A chamber has two

orthogonal views, anode wires measuring the R-� view of the showers and cathode strips

measuring the z view. A channel has a typical width of 1.5 cm. The �ne segmentation

enables us to measure more precise pro�les of showers than with CEM towers. We use

11 channels to make a cluster in both wire and strip view. The shower position is deter-

mined by the position of the cluster. The position resolution of a few mm's is achieved

for electromagnetic showers.

In the physics analysis, we use the local coordinates in the CES module to de�ne the

�ducial volume of each CES module. Figure 2.5 shows a schematic drawing of the CES

local coordinates.
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2.2.3 Central Preradiator Detector: CPR

The central preradiator detector (CPR ) [26] was installed at the beginning of the

1992 collider run to detect the particle showers started by the preshower materials (coil

and cryostat) placed in front of the CEM. The output charge from the CPR enables us

to get information for estimating conversion probability of the electrons, photons and

pions, which become the information for extracting electrons/photons from background

hadrons. Thus the CPR plays an important role in this analysis.

The CPR consists of multi-wire proportional chambers as a detection device. There

are two MWPC modules located in front of each CEM wedge. In each CPR module

there are 32 sense wires and 31 �eld wires which are along the z axis. The total amount

of the material of the CPR is about 3% of a radiation length and 1% of an interaction

length.

Following is the procedure of the CPR clustering. The signal of the CPR from a

particle depends on the conversion probability of the particle. If the particle starts a

shower in front of the CPR, we have the CPR signal, if not, we do not have the signal. We

use the shower position which is determined from the CES, and the Z vertex position

from the VTX, to interpolate the corresponding position at the CPR module. Then

we �nd a CPR channel with the highest charge output within �ve channels from the

interpolated position, which we regard as the seed channel. The clustering includes 5

channels centered on the seed.

2.2.4 Central and Wall Hadron Calorimeter: CHA/WHA

Behind the CEM there exist the central (CHA) and the wall (WHA) hadron calorime-

ters [29]. They both consist of layers of plastic scintillator and iron absorber. Towers

have the same segmentation as the CEM.
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2.2.5 Plug and Forward Calorimeters

Calorimeters covering the plug (1:1 < j�j < 2:4) and forward (2:2 < j�j < 4:2) regions of

the detector employ gas proportional chambers with cathode pad readout as a detection

device, and lead and iron plates as showering materials for electromagnetic and hadron

components, respectively. A tower size of �� ��� = 0:1� 5

�

is used.

2.3 Trigger and Data Acquisition System

2.3.1 Trigger System

The CDF trigger is divided in four levels, level 0, 1, 2 and 3. The level 0 trigger

requires a signature of an inelastic collision, which is de�ned by the coincidence of

the beam-beam counter ( BBC ) systems. The BBC consists of scintillator hodoscopes

located in front of the forward and the backward detectors.

The level 1 and 2 triggers use signals from the calorimeters and the tracking chambers

to make decisions on the events. Calorimeter signals are summed into trigger towers with

a size of �� ��� = 0:2 � 15

�

. In this way the whole CDF calorimeter is represented

by a 42� 24 array for both electromagnetic and hadronic energies.

The level 1 trigger makes a decision based on calorimeter signals in excess of a

programmable threshold, a sti� CTC track from a fast hardware track processor [30],

and the muon triggers [31]. The level 2 trigger can form clusters of energies using the

42 � 24 array. The extra module for isolation cut is used in the triggers for electrons

and photons, which is described in the next section.

The level 3 trigger system performs a more sophisticated event selection by executing

FORTRAN-77 programs in the UNIX-based data acquisition machines.

The trigger system for diphotons used in this analysis will be described in detail in

Chapter 3.
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2.3.2 Neural Network Hardware Trigger for Isolation Cut at

Level 2

In 1992-1995 collider run, a hardware trigger module for isolation cut was installed

for electron and photon selection [32], which consists of special IC chips used for the

Neural Network (NN ) system.

The trigger system was used as follows: �rst the IC chips study the isolation pattern

around the trigger tower using the simulations, then the simple pattern recognition was

used to discriminate the non-isolated events at the hardware trigger level. More details

can be seen in [32].

2.4 Luminosity Measurement

The luminosity is obtained by counting the event rate using the BBC:

L =

R

BBC

�

BBC

; (2:3)

where L is the luminosity, R

BBC

is the BBC event rate, and �

BBC

is the e�ective cross

section of visible to the BBC's.

The e�ective cross section is obtained by using the �pp total cross section measured

by using the luminosity-independent method [33]. The value of �

BBC

can be expressed

as

�

BBC

= �

TOT

�

R

BBC

R

TOT

(2:4)

where �

TOT

is the �pp total cross section, R

TOT

is the sum of the elastic and inelastic

event rates measured in the CDF. Using recent direct measurements of the elastic and

total cross sections by CDF [34], the BBC cross section was obtained as

�

BBC

= 51:2� 1:7mb: (2:5)
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After accounting for possible backgrounds in the BBC's, we obtain [35]

Z

Ldt = 110� 9pb

�1

: (2:6)

The systematic uncertainty in the luminosity measurement is 8%.
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Figure 2.1: Schematic perspective view of the CDF detector.
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Figure 2.3: Schematic view of an endplate of the CTC showing the arrangement of the

blocks which hold the 84 layers of sense wires.
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Chapter 3

Event Selection

In this chapter we present the criteria for selecting diphoton candidates from the

CDF data, and their e�ciencies for real diphoton events.

We select the events with two EM clusters, both of which do not have 3D tracks

pointing at them. The CTC covers the region of j�j �1.0. So we use only the central

volume of the CDF detector.

3.1 Cluster Finding Algorithm

The signature of the prompt diphoton production is two large and isolated electro-

magnetic energy depositions in the calorimeters. The CDF diphoton trigger �nds this

signature to acquire the data.

In order to reconstruct the correct energy for electrons and photons from energy

depositions in each CEM tower, clustering of the energy depositions is needed. The

clustering algorithm is as follows; �rst we look for the EM towers above the threshold

energy ( typically 3GeV in the transverse energy ) , which will be the seed towers of the

EM clusters. Then we add the energy depositions of the two adjacent towers along the z

axis ( energy threshold is typically 0.1GeV in the transverse view ) . The cluster width

is, therefore, �� = 15

�

and � � = 0:3 . Thus the clustered energy E

cluster

is denoted
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by

E

cluster

= E

seed

�=�

s

+ E

�=�

s

�0:1

+ E

�=�

s

+0:1

; (3:1)

where �

s

is the pseudorapidity of the seed tower. This calculation is done for each EM

seed tower.

At the level 2, the transverse energy is calculated using detector pseudorapidity of

the seed tower, assuming that the corresponding particle comes from z = 0, that is, the

collision occurs at the center of the detector,

E

T

= 2E arctan( e

��

) (3:2)

where E is the total deposited energy in a cluster, � is the pseudorapidity of the seed

tower.

At the level 3 and o�ine level, we have information of the event vertices along the

z-axis from the VTX and of the position of the EM showers from the CES. The polar

angle of an EM cluster is calculated from the event vertex position measured in the VTX

and the EM shower position measured in the CES. The transverse energy is calculated

by

E

T

= E � sin �

= E �

q

R

2

CES

+ X

2

CES

q

R

2

CES

+ X

2

CES

+ Z

2

vetex

; (3.3)

where E is the total deposited energy of the cluster, R

CES

is the radius of the CES

cylinder, X

CES

is the x position in the CES coordinate measured by the CES wire

chamber (see Chapter 2), and Z

vertex

is the z position of the event vertex reconstructed

by the VTX.
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3.2 Trigger Requirement

The CDF trigger system consists of various physics triggers. The lowest physics

trigger is called \minimum bias trigger", which is used to check the detector system or

to evaluate the e�ciency for the event selection used in the physics analysis. The physics

trigger has a rank from level 1 to level 3.

We used the diphoton trigger system to select the diphoton dataset.

3.2.1 Level 1 Trigger Requirement

The level 1 trigger consists of the hardware modules. At this trigger the events were

required to have at least one tower with transverse energy E

T

more than 8GeV.

3.2.2 Level 2 Trigger Requirement

The level 2 trigger consists of the hardware modules, and the trigger for diphotons

consists of two criteria; one is E

T

and the other is isolation. This trigger �rst requires

that events have two central EM clusters both of which have E

T

above 10GeV.

At the level 2, the hardware trigger requires the event;

1. to have the 2 clusters in the detector region j�j � 1:19 ,

2. to have the transverse energy E

T

� 10GeV,

3. to have the ratio of the total transverse energy and the electromagnetic energy to

be near 1;

E

T;TOT

=E

T;EM

� 1:125,

4. that the two clusters are isolated in the calorimeter; at this level we require a loose

isolation using the neural network trigger; the requirement is roughly equivalent to

the isolation energy of 3� 3 towers surrounding the trigger tower less than about

5GeV.
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item

level 3 diphoton trigger

3D tracks pointing at the EM cluster to be 0 or 1

Table 3.1: Criteria for the diphoton dataset.

3.2.3 Level 3 Trigger Requirement

The level 3 trigger consists of the online software systems. The data are processed

by the online software and various sophisticated variables ( 3D tracks, z vertices, shower

position at the CES, etc. ) are calculated. We require that

1. the CEM clusters lie within the �ducial area in CES coordinate; jxj � 17:5 cm

and 14:5 cm � jzj � 217:0 cm,

2. there are at least two CEM clusters with E

T

� 10GeV.

3.2.4 Diphoton Dataset

We made the diphoton dataset with the events which passed the level 3 trigger.

Table 3.1 shows the criteria applied to the events which passed the level 3 trigger.

We took all combinations of the EM clusters if there are more than two EM clusters

in an event. We had 71206 EM-pair entries in the dataset.

Figure 3.1 shows the E

T

distributions of the leading and next leading EM clusters

in the EM pairs. Since all combinations of the EM clusters in one event are booked,

there are some entries below the trigger threshold. For example, if there are four EM

clusters in an event, we have six EM-pairs in an event (i.e., we have six entries in the

diphoton dataset from this event) , and at least the two highest EM clusters are above the

trigger threshold, therefore the EM-pairs including the third or fourth EM cluster may

have the entries below the trigger threshold. Since the diphoton triggers do not require

the 3D tracks to the events, and we require the 3D tracks to be 0 or 1 to the events,

the dataset includes the electrons as well as photons. In Fig. 3.1 there is a bump at
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40 � E

T

� 50GeV, which comes from the electrons from Drell-Yan process. Figure 3.2

shows the mass distribution of the EM pairs in the diphoton dataset, which clearly shows

the peak from the contamination of the Drell-Yan process. Figure 3.3 shows the mass

distribution of the EM pairs in the diphoton dataset, after the requirement of no 3D

tracks pointing at the EM clusters is made. The peak from the contamination of the

Drell-Yan process disappears in this plot.

3.3 O�ine Event Selection

In the o�ine event selection, basically we use the same variables given from the

algorithm used in the level 3 trigger. In the o�ine analysis we apply to the events

some correction routines for the detectors which have been estimated from the data

accumulated during the whole run.

3.3.1 Energy Correction and Transverse Energy Requirement

The transverse energy for electrons/photons in the CEM was corrected in three

ways:

1. correction for response variations in the individual CEM tower,

2. correction for tower-to-tower gain variation,

3. correction for time dependent gain variation.

The correction factors for the di�erence of the response in each individual tower of

the calorimeter are given from the CEM test beam results with electrons. Reference [27]

describes the results from 50GeV electron data.

The tower-to-tower gain correction is done with the CEM testbeam result. It is also

corrected with the inclusive electron dataset [36][37].

The CEM uses the photomultiplier tubes as a readout device, which detect the

photons from scintillating tiles via a wave-shifting bar and the light guide. The gain
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for each phototube sometimes should be monitored as a function of the time during

the collider run because of the uctuations of their long-term stability. The long-term

stability of the scintillating tiles, wave-shifting bars and the light guides is also taken into

account for degradation of the energy resolution and the energy scale. It is monitored

during the runs and then used in the correction routines at the o�-line level if needed.

At the o�ine event selection, the events are required to have at least two EM clusters

with the corrected E

T

of

E

corrected

T

� 12GeV ; (3:4)

to reject the trigger bias for the E

T

cut at the level 2 (where E

T

is required to be larger

than 10GeV ) .

3.3.2 Calorimeter Isolation Cut

A calorimeter isolation cut is one of the most e�ective criterion in the photon se-

lection cuts. The dominant source of the backgrounds for this analysis is the neutral

mesons decaying into multi photons with large transverse momentum which come from

the quark/gluon fragmentation. Usually high p

T

neutral mesons are the constituents of

\jets", thus a larger amount of the underlying particles are associated with them, com-

pared with the prompt photon case. The calorimeter isolation cut therefore e�ectively

rejects the background neutral hadrons from prompt photons.

The calorimeter isolation is calculated as follows; �rst we make the cone around an

EM cluster with a radius �R de�ned by

�R =

q

��

2

+��

2

: (3:5)

The cone radius of 0.4 or 0.7 is typically used in CDF physics analyses. Then the energy

depositions in all towers within the radius are added, and �nally the energy of the EM
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cluster itself is subtracted,

Isolation =

0

@

X

i�cone size

E

i

1

A

� E

cluster

: (3:6)

where E

i

is the tower energy and E

cluster

is the energy of an EM cluster.

Figure 3.4 shows the isolation distributions in the cone of 0.4 , where the diphoton

events are selected with all the selection cuts described in this chapter except for the

isolation cut, and are applied the background subtraction method which is described in

the next chapter, to extract the real diphoton events and background events. In this

�gure the R shows the fraction of events within the isolation � 1GeV. Most of the

diphoton events are within the isolation � 1GeV (R � 0:90), while the backgrounds

are much broader than the signals (R � 0:36 for the total backgrounds) . Thus we chose

the isolation cut

isolation in cone 0.4 � 1GeV (3:7)

to select the diphoton candidates.

3.3.3 Lateral Shower Pro�le : �

2

and Extra Cluster Cut in

the CES

The lateral shower pro�le in the CES is useful to discriminate background particles

decaying into multi photons. For example, photons from �

0

!  deposit their energy

into CEM, with a minimum opening distance d (cm) at a radius R (cm) from the beam

line. The minimum opening distance is related to the p

T

of �

0

by

d (cm) �

2RM

�

0

p

T

; (3:8)

where M

�

0
=0.135GeV/c

2

is the �

0

mass, P

T

is in GeV/c, R = 184 cm at the CES

radius. It indicates that for the �

0

mesons with high p

T

� 5GeV we have d leq10 cm

so that the decaying multiple photons are not separated each other enough to be dis-
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tinguished with the CEM tower con�guration. In other words they are included in the

same CEM tower. The CES shower pro�le of such an event shows a the di�erent shower

shape compared with that from the testbeam electrons. We use this di�erence to reject

the backgrounds e�ectively.

The CES provides us the information of the lateral pro�le of the EM shower and its

lateral position at shower maximum region in the CEM. The CES clusters are found

independently in both the wire and the strip view. First we look for the wire/strip

channels which have an output of � 0:5GeV to be regarded as the seed channels.

Then we include the 11 channels (with the threshold of 57.2MeV ) centered on the seed

channel. We repeat this procedure for all seed channels. The CES cluster should be

associated with the corresponding EM cluster.

The con�guration of the CES is described in the previous chapter. In the CES

coordinate, we regard the x and z position of the EM shower as the weighted mean of

the cluster in each wire/strip view, which are labeled as X

CES

and Z

CES

, respectively.

In order to use the CES clusters in its �ducial area, the CES cluster is required to satisfy

the geometrical cuts

jX

CES

j � 17:5 cm ; (3:9)

14 cm � jZ

CES

j � 217 cm; (3:10)

in the CES local coordinate.

Before referring to the evaluation of the CES �

2

, we note that the shower shape of the

test beam electrons is used as a standard EM shower pro�le for this analysis instead of

that from real photons. Ideally we should have the lateral shower pro�le for real photons

as a standard shower pro�le. But we don't have the testbeam result for real photons,

and using the real photon beam is not realistic at the testbeam. We have to rely on the

lateral shower shape of the testbeam electrons. Essentially the di�erence between the

shape for photons and that for electrons is small. Only the shower-starting point for

electrons is slightly earlier than that for photons, according to shower simulations. We
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include this di�erence into the systematic uncertainty in evaluating the diphoton cross

section, which will be discussed in the next chapter. The CES �

2

is calculated by:

�

2

=

1

4

11

X

i=1

(y

i

� �y

i

)

2

�

2

i

; (3:11)

where i is the channel index, y

i

is the pro�le of either wire or strip channel from the

collision data, and �y

i

is the standard electron pro�le, and �

2

i

is the estimated variance

of the standard pro�le �y

i

. The �y

i

is from the test beam result. See Appendix B for more

detailed description. Using Eq. 3.11, we calculated the CES �

2

in both wire and strip

view. We call them �

2

wire

and �

2

strip

, respectively.

A variable �

2

CES

is de�ned as the mean value of �

2

wire

and �

2

strip

:

�

2

CES

=

�

2

wire

+ �

2

strip

2

: (3:12)

Since the �

2

CES

for testbeam electrons is mostly within 20, it is e�ective to require

�

2

CES

� 20 ; (3:13)

for the background reduction.

The variable �

2

CES

is also used in the background subtraction which will be described

in the next chapter, where we calculate the e�ciencies for the photons/backgrounds to

have �

2

CES

� 4 in the sample �

2

CES

� 20 .

If a CEM cluster has two CES clusters and they are located close to each other,

the EM cluster has a possibility of coming from background neutral mesons; one of the

decaying multiple photons would make the �rst CES cluster and the rest of the photons

come together to make the second CES cluster. Thus a CES extra cluster cut is e�ective

to reject the background neutral mesons. The events are required that they do not have

the extra CES cluster above 1GeV near the seed tower in both wire and strip views.
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3.3.4 No-Track Requirement

As is seen in Figs. 3.2 and 3.3, it is essential to require that there is no 3D tracks

associated with the EM clusters.

When the E

T

of the CEM cluster is greater than 35GeV, we use the CPR hit rate

to extract real diphoton events, instead of using the CES. The CPR is divided into only

four chambers in the z-direction, which means we do not know which particle makes the

CPR hit if two or more particles penetrate the same CPR module. We require that the

events have no tracks pointing at the CPR cluster (see Chapter 2) if the CEM cluster

have E

T

� 35GeV.

3.3.5 Z vertex and Rapidity Cut

At the event reconstruction level, we have information of the �pp collision point

measured by the VTX along the beam line. Some criteria, such as the number of the

VTX octant segments which are used to reconstruct the Z vertex, the number of hits in

the VTX, and the ratio of the number of tracks in the forward region and the backward

region, are applied to classify the vertices into 6 types. The best rank Z vertex requires

that the number of the VTX octant segments are larger than 5, the number of the VTX

hits are more than 180, and the ratio of the number of forward/backward reconstructed

tracks are less than 0.7 . The second rank Z vertex requires the same criteria except for

that the number of the VTX hits be in between 72 and 180 . In this analysis we require

that at least one vertex should have the \best 2" rank and it should be within the area

of

jZ

vertex

j � 60 cm ; (3:14)

to con�rm the event occurring inside the �ducial region of the CDF detector.

Using Z vertex and the CES cluster position, the physics rapidity of a photon is
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calculated by

�



=

1

2

log

 

E + p

Z

E � p

Z

!

=

1

2

log

0

@

q

R

2

CES

+ Z

2

vertex

+ X

2

CES

+ Z

vertex

q

R

2

CES

+ Z

2

vertex

+ X

2

CES

� Z

vertex

1

A

(3.15)

where R

CES

is the radius of the CES cylinder, X

CES

is the X position of the CES cluster

in the CES coordinate and Z

vertex

is the interaction point in the detector R � Z view.

The rapidity �



is required to satisfy

j�



j � 0:9 (3:16)

to compare the data with the NLO QCD prediction.

3.3.6 Final Diphoton Candidates

Table 3.2 shows a list of the selection cuts and the number of events in the 1993 - 1995

collider run. The diphoton dataset from 1992 - 1993 collider run is analyzed separately

with the same o�ine selection cuts.

By combining the two collider runs, total of 652 events are obtained as the diphoton

candidate events.

3.4 E�ciencies for the Trigger and Selection Cuts

3.4.1 Level 2 Trigger E�ciency

The dielectron sample split from the inclusive electron sample was used to evaluate

the level 2 trigger e�ciency. The standard electron selection criteria are described in
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diphoton trigger dataset 71206

photon selection criteria events alive

no associated 3D track 22844

E

T

� 12GeV 13228

extra transverse energy in cone 0.4� 1GeV 1452

jX

CES

j and jZ

CES

j�ducial cuts 1299

no extra strip / wire cluster 784

no associated CPR track 779

�

2

CES

� 20 776

jZ

vertex

j � 60 cm 713

j�



j � 0:9 570

result from 1993-1995 collider run 570

result from 1992-1993 collider run 82

total number of diphoton candidate 652

Table 3.2: Event cuts and the number of diphoton candidate events.

detail in Appendix A. The following criteria were applied:

1. Both EM clusters in the central region with E

T

�5GeV,

2. Extra energy in cone 0.4 � 1GeV,

3. Standard photon �ducial cuts ,

4. jZ

vertex

j � 60 cm ,

5. Number of 3D tracks=1,

6. �

2

CES

� 20 ,

7. E=P � 1.5 ,

8. Had=EM � 0.05 ,

9. L

sh

� 0.2 ,

10. j�

e

j � 0.9,
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11. Position di�erence between the CTC track extrapolated to the CES and the CES

cluster position; j�xj � 1:5 cm and j�zj � 2:5 cm.

The level 2 dielectron trigger was required to the events to ensure that the events

passed the dielectron trigger and to avoid the e�ect of prescale factors from other triggers.

Figure 3.5 shows the e�ciency that the dielectron events pass the diphoton level 2

trigger as a function of E

T

of the next leading electron, where the next leading electron

means the electron with the second-highest E

T

. It becomes at in the region of E

T

�

12GeV.

We calculate the mean value of the data points above 12GeV, and obtain

�

L2

= 0:84 � 0:02 : (3:17)

This was used to correct the diphoton cross section for the ine�ciency of the level 2

trigger.

3.4.2 Calorimeter Isolation Cut E�ciency

The calorimeter isolation cut e�ciency is evaluated by the minimum bias (MB) dataset.

First of all, we generate two sets of the random numbers for rapidity and azimuthal an-

gle , (�

1

�

1

) , (�

2

�

2

) , in each MB event. We assume as if there are diphotons placed

at these points. Then we calculate the calorimeter isolation using Eq. 3.6 around these

points. Figure 3.6 shows a comparison of the cone 0.4 isolation distribution of the dipho-

ton events with that from the MB events. Since the two distributions are consistent with

each other, we can estimate the isolation cut e�ciency with the MB events instead of

the diphoton events.

Figure 3.7 shows the e�ciency of the isolation cut (extra transverse energy in cone

0.4 �1GeV) , as a function of the instantaneous luminosity. The e�ciencies are �t

by a straight line. A typical number of the e�ciency is 0:895 � 0:005 per photon at

9:1� 10

30

cm

�2

sec

�1

.
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3.4.3 CES Extra Cluster Cut E�ciency

Most of the CEM clusters for real photons are expected not to have extra CES

clusters, but CEM clusters with high E

T

would have the possibility to have them because

they have large electromagnetic energy depositions at the shower maximum position,

which would more often create an extra cluster by shower uctuation.

The CES extra cluster cut e�ciency is estimated using the testbeam electron data.

Figure 3.8 shows the e�ciency as a function of the electron energy. The e�ciency goes

lower as the energy of the electron goes higher, as is expected from the above qualitative

argument. The e�ciency for the electrons from W decay is also shown in the �gure. It

is slightly lower than the interpolation of the testbeam electron data points due to the

radiation of an extra photon.

3.4.4 Track Cut E�ciency

The requirement of no-tracks pointing at the CEM cluster rejects real photon events

in two cases; one is the photon conversion in front of the tracking chamber, where a real

photon is converted into an electron-positron pair.

This ine�ciency of the 3D track cut due to the photon conversion depends on the

amount of the materials in front of the CTC. The ine�ciency was calculated in the

inclusive photon cross section measurement at CDF [13][38]. The ine�ciency that we

loose real photons due to photon conversion in the 3D track cut was 0.06 per photon

with a 0.4% uncertainty.

The track cut also rejects the events in the case where the CEM cluster comes from

a real photon but the tracks from underlying events accidentally point at the cluster..

This ine�ciency that we loose the real photons due to underlying tracks in the

3D track cut was estimated with the minimum bias events. Virtual CEM clusters are

randomly generated in the minimum bias events, and the tracks which point at the

virtual clusters are looked for. The ine�ciency was calculated to be 0.06 per photon

with a 1% uncertainty.
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3.4.5 Z Vertex Cut E�ciency

The e�ciency for the Z vertex cut was calculated using the Z

vertex

distribution of

the good runs which were taken from the CDF muon triggers [40]. It was 0.96�0.01 .

3.4.6 Fiducial Cut E�ciency

The e�ciency for the CES �ducial volume cut (see Eq. 3.9 and 3.10) is 0.663 per

photon.

3.4.7 Summary of E�ciencies

Table 3.3 gives a summary of the e�ciencies. They are used in Chapter 5 in the

calculation of the diphoton cross section.

ITEM VALUE

CES �ducial cuts �

�d

(per photon) 0.663

conversion veto �

conv

(per photon) 0.94

underlying track �

trk

(per photon) 0.94

isolation cut �

iso

(per photon) 0.9 luminosity dependent

Zvertex cut �

zvret

(per event) 0.96

extra CES cluster cut �

ext

(per photon) >0.9 E

T

dependent

trigger e�ciency �

L2

(per event) 0.84

Table 3.3: Summary of the e�ciencies.
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Figure 3.1: E

T

distribution of the leading and next leading EM clusters of the EM pairs

in the diphoton dataset.
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Figure 3.2: Invariant mass distribution of the EM pairs in the diphoton dataset.
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Figure 3.3: Invariant mass distribution of the EM pairs in the diphoton dataset, after

the requirement for the number of 3D tracks to be zero is made.
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Figure 3.4: Distributions of the transverse energy isolation in the cone of 0.4 for (a)

 events, (b) -background events, (c) background-background events and (d) total

backgrounds (b+c) . The R shows the ratio of the number of events in the shaded area

to the number of the total events.
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Figure 3.5: Level 2 trigger e�ciency as a function of E

T

for the next-leading electrons

in the dielectron events.
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Figure 3.6: Comparison of the cone 0.4 isolation distributions between the diphoton

events (points) and MB events (histogram). Two entries per event for both points and

histogram.
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Figure 3.7: E�ciency of the isolation cut (extra transverse energy in the cone 0.4�1GeV)

as a function of the instantaneous luminosity.
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Figure 3.8: E�ciency of the CES extra cluster cut as a function of the calorimeter

energy.
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Chapter 4

Photon Identi�cation

In this chapter we describe the photon identi�cation procedure and the background

subtraction in the diphoton sample selected in the previous chapter.

4.1 Background Sources

In the previous chapter we described the selection criteria for the diphoton candi-

dates. After the selection cuts, we have the candidates for diphoton events, but we still

have backgrounds in the candidates, which we are unable to reject by the selection cuts

on event-by-event basis, because multiple photons from the neutral mesons cannot be

identi�ed on event-by-event basis by the CES nor by the CPR.

Table 4.1 shows a list of the neutral mesons which are considered as background

sources in this analysis and their world average branching ratios of their decays to

photons or �

0

's [41].

4.2 Photon Identi�cation Method
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4.2.1 Pro�le and Conversion Methods

The CES provides us a statistical method to distinguish between a real photon and

multiple photons from neutral mesons. The comparison of the lateral shower pro�le

in the shower maximum region with that from the electron testbeam result gives us a

statistical di�erence between a real photon and multiple photons from neutral mesons.

We express the di�erence with a variable �

2

CES

de�ned by Eq. 3.12.

If the background particle has relatively low P

T

(� 40GeV ) , the shower shape is

degraded by the multiple photons having the minimum distance calculated by Eq. 3.8,

which makes the CES �

2

higher. While at higher P

T

(� 40GeV ) , the distance between

the photons becomes smaller enough to make the CES �

2

lower. As a result, at high p

T

it is more di�cult with this method to distinguish background events from real photon

events.

Another statistical information is the di�erence of the hit rates in the CPR between

photons and background mesons. The CPR hit rates for them di�er because the conver-

sion probabilities in front of the calorimeter di�er. At high p

T

, multiple photons from

the neutral meson decays are almost in the same direction, and they come into the same

module of the CPR. The hit rate in the CPR is correlated with the number of photons

coming into the module.

The di�erence of the conversion probabilities between photons and �

0

's is demon-

strated as follows. Consider the �

0

decay �

0

!  as a background, for example. The

Decay modes Branching ratio (%)

�

0

!  98:798� 0:032

� !  39:25� 0:31

� ! �

0

�

0

�

0

32:1� 0:4

K

0

s

! �

0

�

0

31:39� 0:28

Table 4.1: List of the neutral background sources.
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conversion probability for the �

0

(P

�

) and that for single photon (P



) is related by:

P

�

� P

2



+ 2P



(1 � P



)

= 1 � (1 � P



)

2

(4.1)

where we have assumed that the conversion probability is approximately independent of

p

T

. Using the di�erence of the conversion probability between single photons and �

0

's,

we extract the real diphoton events from the diphoton candidates statistically.

The CES Pro�le Method E�ciencies

The signal and background e�ciencies for the CES pro�le method are de�ned by

�



=

N

�

2

CES

<4;

N

�

2

CES

<20;

; (4:2)

�

b

=

N

�

2

CES

<4;b

N

�

2

CES

<20;b

; (4:3)

where N

�

2

CES

<20;

(N

�

2

CES

<20;b

) is the number of photons (backgrounds) in a given photon

(background) sample with �

2

CES

< 20, N

�

2

CES

<4;

(N

�

2

CES

<4;b

) is the number of photons

(backgrounds) with �

2

CES

< 4 in the sample.

The CPR Conversion Method E�ciencies

The signal and background e�ciencies for the CPR conversion method are de�ned

by

�



=

N

CPRhit;

N



; (4:4)

�

b

=

N

CPRhit;b

N

b

; (4:5)

where N



(N

b

) is the number of photons (backgrounds) in a given photon (background)

sample, N

CPRhit;

(N

CPRhit;b

) is the number of photons (backgrounds) with a hit at the
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corresponding CPR position in the sample. We de�ne the CPR hit as the total charge

of the CPR cluster greater than 500 fC.

4.2.2 Calculation of the Number of Real Diphoton Events in

the Diphoton Candidates

Once we have the e�ciencies, we can calculate the real number of photon events

and background events. In the CES method, we test the events whether the events have

the EM cluster which has �

2

CES

� 4 or not. We use a word \pass" when the EM cluster

has the �

2

CES

� 4. Also in the CPR method, we test the events whether the events have

the EM cluster which makes a hit in the CPR or not. We use a word \pass" when the

EM cluster makes a hit in the CPR.

In the single photon case, the following vector equation can be used to obtain the

numbers of true photons and backgrounds:

0

B

@

N

false

N

pass

1

C

A

=

0

B

@

1 � �

b

1 � �



�

b

�



1

C

A

0

B

@

N

b

N



1

C

A

(4:6)

where N

false

(N

pass

) is the number of candidates that \fail" (\pass") the test described

above, N



(N

b

) is the number of true photons (backgrounds) in the photon candidates.

In the diphoton case, there are 4 possible combinations in the CES/CPR test, which

are false-false, false-pass, pass-false and pass-pass, and the number of possible cases for

the combinations of signal and background become 4, which are b� b, b� ,  � b and

 � . We have the following vector equation with 4�4 matrix, instead of 2�2 in the

single photon case.
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0

B

B

B

B

B

B

B

B

@

N

ff

N

fp

N

pf

N

pp

1

C

C

C

C

C

C

C

C

A

=

0

B

B

B

B

B

B

B

B

@

(1� �

b1

)(1� �

b2

) (1� �

b1

)(1� �

2

) (1� �

1

)(1� �

b2

) (1� �

1

)(1� �

2

)

(1� �

b1

) �

b2

(1� �

b1

) �

2

(1� �

1

) �

b2

(1� �

1

) �

2

�

b1

(1� �

b2

) �

b1

(1� �

2

) �

1

(1� �

b2

) �

1

(1� �

2

)

�

b1

�

b2

�

b1

�

2

�

1

�

b2

�

1

�

2

1

C

C

C

C

C

C

C

C

A

�

0

B

B

B

B

B

B

B

B

@

N

bb

N

b

N

b

N



1

C

C

C

C

C

C

C

C

A

(4.7)

where N

ff

is the number of diphoton candidates in which both the EM cluster fail the

test, N

fp

is the number of diphoton candidate in which the �rst EM cluster fails the test

and the second EM cluster passes the test, �

b1

is the background e�ciency for the �rst

EM cluster, �

1

is the photon e�ciency for the �rst EM cluster, and so on.

By inverting this 4�4 matrix, the real number of signals (N



) and backgrounds (N

b

,

N

b

and N

bb

) are evaluated.

Inverting the Matrix on Event-by-Event Basis

As is seen in the next section, the CES pro�le e�ciencies have a large dependence

on photon p

T

. The CPR conversion e�ciencies also have a dependence on the amount of

materials in front of the CPR. Thus the pro�le and conversion e�ciencies (�

1

; �

2

; �

b1

; �

b2

)

vary event by event. It is then natural to invert the matrix on event-by-event basis,

taking these dependences into account.

For example, consider that we have a diphoton candidate in which both of EM

clusters pass the �

2

< 4 test. Then we have an input 4-dimensional vector (n

ff

, n

fp

, n

pf

, n

pp

)= ( 0, 0, 0, 1 ) in Eq. (4.7) . By inverting the 4� 4 matrix given by the

CES/CPR e�ciencies, we will have an output 4-dimensional vector (w

bb

, w

b

, w

b

,

w



) , the four elements of which represent weights for this particular event to be b� b,
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b� ,  � b and  � .

The procedure is applied to all diphoton candidates. That is, we invert the 4�4

matrix on event-by-event basis to get the weights. The total number of the signal and

the background events are calculated by taking the sum of these signal/background

weights:

N



=

n

X

i=1

w

(i)



; (4:8)

N

b

=

n

X

i=1

w

(i)

b

; (4:9)

N

b

=

n

X

i=1

w

(i)

b

; (4:10)

N

bb

=

n

X

i=1

w

(i)

bb

; (4:11)

where n is the number of total diphoton candidates. The statistical errors for the ,

b, b and bb events are given by

�



=

v

u

u

t

n

X

i=1

w

(i) 2



; (4:12)

�

b

=

v

u

u

t

n

X

i=1

w

(i) 2

b

; (4:13)

�

b

=

v

u

u

t

n

X

i=1

w

(i) 2

b

; (4:14)

�

bb

=

v

u

u

t

n

X

i=1

w

(i) 2

bb

: (4:15)

4.3 Signal E�ciency for CES Pro�le Method

The CES signal e�ciency �



(Eq. 4.2) is evaluated by simulating photons by the

PYTHIA event generator [42] and the QFL detector simulator [43]. The QFL simu-
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Cuts

CEM cluster with E

T

� 25GeV

Missing E

T

�0.1

CEM �ducial volume

jZ

vertex

j � 60 cm

Had=EM �0.1

E=p �1.5

L

shr

�0.2

Position di�erence between the CTC track and

the CEM cluster; j�xj � 1:5 cm, j�zj � 3 cm

Table 4.2: Selection criteria used to make the W ! e� sample.

lation of the shower was based on the CDF testbeam results. The simulated CES �

2

distribution was checked by the electrons from W ! e� data. The simulated CES �

2

distribution was also checked by photons from � !  data.

4.3.1 Check on the Simulated �

2

CES

Distribution with Elec-

trons from W ! e�

The W ! e� sample was collected by the CDF 12GeV electron trigger. Table 4.2

shows the selection criteria for the data.

We simulated W ! e� electrons with the QFL simulation. In the QFL, the CES

shower pro�le was based on the result of the CEM electron testbeam.

Figure 4.1 shows the comparison of the �

2

distributions between the real W elec-

trons and the simulated electrons in both the strip and the wire view. The simulation

reproduced the data well.

4.3.2 Check on the CES signal e�ciency with � Sample
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� Sample

The simulated photon �

2

distribution was checked by using the well separated real

diphotons from � mesons decaying to diphotons (with the branching ratio of 39% ) in

the CDF data. In order to select the � !  events with the CDF photon trigger,

we searched for the events having an isolated EM cluster which contains two CES strip

clusters located at two separate EM towers in the EM cluster. Each EM tower provides

a corresponding single photon's energy, and the two CES clusters provide each photon's

position. Then we are able to measure the � mass.

We selected the � sample with the selection criteria shown in Table 4.3. The events

were taken by the 10GeV trigger (\Trigger Cuts" in this table) . They were required to

satisfy the \photon analysis cuts" described in this table. The missing E

T

signi�cance

in the \photon analysis cuts" is de�ned by

S =

E

T

p

P

E

T

(4:16)

where E

T

is the transverse energy of the EM cluster,

P

E

T

is the sum of the E

T

for

all calorimeter clusters. The missing E

T

signi�cance cut rejects the backgrounds from

cosmic ray muons emitting a bremsstrahlung photon. Finally the events were required

to satisfy the \Two-Photon Cuts" in the table, where the EM clusters in the data were

required to have two CES strip clusters located in two separate EM towers. The number

of CES wire clusters in the EM cluster is required to be at least 1, because it was likely

that the two strip clusters would overlap in the wire view.

Simulated � sample

Using the QFL, we generated � mesons decaying to diphotons with a p

T

spectrum

dN

dp

T

�

1

p

5:5

T

: (4:17)
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Trigger Cuts

E

T

� 10GeV

Had=EM � 0:125

ratio of extra energy in cone 0.7 and cluster energy � 0:15

Photon Analysis Cuts

ratio of extra transverse energy in cone 0.7 and cluster E

T

� 0:15

No 3D tracks pointing at the cluster

pseudorapidity j�j � 0:9

jZ

vertex

j � 50 cm

Missing E

T

signi�cance� 3 (see text)

Two-Photon Analysis Cuts

9 � E

T

� 15GeV

2 CES strip clusters in EM cluster

Each CES strip cluster in separate tower

1 or 2 CES wire clusters in EM cluster

14 � jZ

CES

j � 217 cm for both CES strip clusters

jX

CES

j � 20 cm for the CES wire cluster(s)

jX

CES

j � 17:5 cm for at least one of the CES wire cluster

Table 4.3: Selection criteria used to make the � sample.
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Table 4.4 shows the conditions of the QFL for the � meson sample. The simulated events

were required to satisfy the same selection criteria which were required to the data, as

shown in Table 4.3.

Result

Figure 4.2 shows the invariant mass distribution of the diphotons in the � sample.

The solid line is a �t to two Gaussians. The peak of �

0

's is not clear in this plot because

the 11 channel clustering in the CES is too wide to observe the �

0

peak.

We made the CES �

2

distribution in the strip view for real photons from � decays

by looking at the strip view �

2

distribution of the events in the peak region de�ned

as 0:45 < M < 0:625GeV=c

2

(signals plus backgrounds), and that of the events from

two sidebands de�ned as 0:225 < M < 0:425GeV=c

2

and 0:650 < M < 0:850GeV=c

2

(backgrounds) . By subtracting the strip view �

2

distribution for the backgrounds in

the two sidebands from that for the signals plus backgrounds in the peak region, we

obtained the strip view �

2

distribution for photons from � decays, as shown in Fig. 4.3.

The strip view �

2

distribution from photons from simulated �'s is superimposed on it.

The simulated distribution agreed with that from the data. The CES signal e�ciency

from the strip view �

2

distribution from the simulation (data) was calculated to be

0:812� 0:031(0:810� 0:006). The simulation reproduced the data well.

p

T

range 8GeV� p

T

�17GeV

azimuthal angle distribution at

� distribution at

Z vertex distribution gaussian, with � = 31 cm

Table 4.4: Conditions of the QFL for making the � meson sample.
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4.4 Background E�ciency for CES Pro�le Method

The CES e�ciency for backgrounds �

b

(Eq. 4.3) was evaluated by generating �

0

's,

�'s and K

0

S

's with the PYTHIA event generator and simulating their showers with the

QFL detector simulation. The relative number of �

0

's, �'s and K

0

S

's produced in the �pp

collisions was determined using the CDF data. The simulated CES �

2

distribution for

�

0

's was checked with the �

0

's from �

�

! �

0

�

�

decays.

4.4.1 Production Ratios �=�

0

and K

0

S

=�

0

The measured numbers of �

0

and � mesons decaying to diphotons are written as

N

detect

�

0

= N

prod

�

0

BR(�

0

! ) �(�

0

! ) ; (4:18)

N

detect

�

= N

prod

�

BR(� ! ) �(� ! ) ; (4:19)

whereN

detect

�

0

(N

detect

�

) is the number of �

0

(�)!  decays detected by the CDF detector,

N

prod

�

0

(N

prod

�

) is the number of �

0

(�) mesons produced in this collider run, BR(�

0

!

) (BR(� ! )) is the branching ratio for the �

0

(�) to decay into diphotons, and

�(�

0

! ) (�(� ! )) is the detection e�ciencies that the particles pass the photon

selection criteria (see Table 3.2). The branching ratios are known from other experiments

(see Table 4.1), the detection e�ciencies for the backgrounds are obtained by the QFL

simulation, so the only unknown parameters are N

prod

�

0

and N

prod

�

.

Figure 4.4 shows the detection e�ciency times the branching ratio for the �

0

! ,

� ! , � ! 3�

0

, and K

0

S

! 2�

0

decays. It shows that the �

0

is the dominant

component in the neutral background.

� and �

0

Sample

In order to identify � and �

0

mesons in the CDF data, we used almost the same

criteria as used in Section 4.3.2 (Table 4.3). We used 3 CES channels to make the CES
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cluster instead of 11 channels, because, as shown in Fig. 4.2, the �

0

peak was not clear

when we used 11 channel CES clustering. The number of the CES strip clusters in an

EM cluster was required to be 2 or more, instead of exactly 2, and the two leading CES

clusters were required to satisfy the rest of the CES criteria in Table 4.3.

Then we added more selection criteria. One was the energy isolation in the CES

de�ned by

I

S

=

P

n

i=3

E

Si

E

S1

+ E

S2

(4:20)

where n is the number of the CES strip clusters, E

Si

is the strip energy of the ith strip

cluster (energy ordered) . Similarly we de�ned the CES wire cluster isolation, I

W

. We

required the events to satisfy these CES isolation variables to be less than 0.3 .

Another criterion was the energy asymmetry de�ned by

Asymmetry =

jE

1

� E

2

j

E

1

+ E

2

(4:21)

where E

1

and E

2

are the energy of the EM towers corresponding to each CES clus-

ter. We required the events to have this asymmetry to be less than 0.8 to reduce the

contamination of the single photons due to the shower uctuation [44].

Calculation of �/�

0

Ratio

Figure 4.5 shows the invariant mass distribution of the diphotons with the 3 channel

CES clustering. The solid line is a �t to two Gaussians plus polynomial, the dashed

line is the background shape as a result of this �t, and the dotted line is the sum of the

contamination of the single photons plus backgrounds. The contamination of the single

photons due to the shower uctuation was estimated with the simulated single photons

with the same conditions used in Section 4.3.2 (Table 4.4).

The production ratio �=�

0

was calculated as follows. We de�ne the peak region as

0:475 < M



< 0:625GeV=c

2

for the �, and 0:075 < M



< 0:225GeV=c

2

for the �

0

.
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The production ratio �=�

0

is obtained by

�=�

0

=

(N

�

�B

�

)=A

�

(N

�

0
� B

�

0
)=(A

�

0
+



�

0

A



)

(4:22)

where N

�

(N

�

0
) is the number of events in the � (�

0

) peak region (signals plus back-

grounds,), B

�

(B

�

0
) is the number of backgrounds in the � (�

0

) peak region, A

�

is the

acceptance of the �'s in the � mass region, A

�

0
and A



are the acceptance of the �

0

's and

background single photons in the �

0

peak region, respectively,



�

0

is the ratio of misiden-

ti�ed single photons to �

0

's in the �

0

peak region. N

�

and N

�

0
are obtained from the

data points in Fig. 4.5, B

�

and B

�

0
were obtained from the result of the background �t,

A

�

, A

�

0

and A



were calculated by QFL simulations [44]. The ratio



�

0

was calculated

by both the data and the QFL [44].

Using Eq. 4.22, the production ratio of �'s and �

0

's was calculated to be

�=�

0

= 1:02� 0:15(stat.)� 0:23(syst.): (4:23)

Production Ratio K

0

s

=�

0

The process K

0

s

! �

0

�

0

slightly contributes to the background �

2

distributions.

In evaluating the background e�ciency determined by the QFL, we use the production

ratio K

0

S

/�

0

by the previous CDF experiment.

The production of K

0

S

has been measured by the CDF during the 1987 collider run,

using charged decay modes [47]. A value of K

0

s

=�

0

of 0.4 was used in the simulation,

based on this measurement.

4.4.2 Check on the CES Background E�ciency with �

0

's from

�

�

! �

�

�

0

Decay

The simulated CES background e�ciencies was checked with the �

0

's from �

�

!

�

0

�

�

decays in the CDF data.
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�

�

sample

The �

�

mesons were identi�ed starting from the �

0

sample described above. We

required the following criteria for the tracks in the �

0

sample:

1. the charged track was required to have p

T

� 1:1GeV/c

2. cos �

�

� �0:88, where cos �

�

is the angle between the �

�

direction in the �

�

�

0

CMS frame and the �

�

�

0

direction in the lab frame.

The cos �

�

cut was imposed to collect the asymmetric � decays with energetic �

0

s.

We took all combinations of the �

0

and the charged tracks which passed the above

criteria, and made the invariant mass distribution of �

0

plus a charged track, as shown

in Fig. 4.6. The solid line is a �t to the Breit-Wigner form plus a linear function, the

dashed line is the �tted linear function, showing the background shape. We evaluated

the �

2

CES

distribution by looking at the �

2

CES

distribution with the events in the peak

region (signals plus backgrounds) and that from the sidebands (background). The e�ect

of the backgrounds in the peak region was then subtracted with the �

2

CES

distributions

from sideband events. Figure 4.7 shows the �

2

CES

distribution of the �

0

's from �

�

decay,

together with the simulation. The simulation was in good agreement with the data.

4.4.3 Final CES E�ciencies

The �nal plot of CES �

2

CES

� 4 cut e�ciencies for both photons and backgrounds

evaluated by the QFL simulation is shown in Fig. 4.8. The dotted lines show the bounds

of the total systematic uncertainties described in the next section.

4.5 Sources of the Systematic Uncertainties for CES

E�ciencies

The systematic uncertainties in the signal and the background CES e�ciencies are

highly correlated, because these e�ciencies are both sensitive to the same instrumental
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e�ects. A one standard deviation change in the photon e�ciency due to a given source

results in a corresponding 1� change in the background e�ciency.

The sources of the systematic uncertainties for the CES e�ciencies are:

1. the di�erence of the shower uctuation between electrons and photons,

2. the di�erence of the shower shape between electrons and photons,

3. the use of test beam showers taken under slightly di�erent conditions than the

collider running,

4. the background composition.

The uncertainty on the di�erence of the shower uctuation between electrons and

photons comes from the variation of the shower parametrization which are used in the

detector simulation. This variation was used to estimate the systematic uncertainty on

the shower uctuation.

The shower shape of photons is slightly di�erent from that of electrons because

photon showers start later than electrons. In order to estimate the e�ect of the di�erence,

we used the electron testbeam result with di�erent material in front of the calorimeter

to see the change of CES �

2

as a function of the shower depth.

In the collider running, the high voltage to the chambers is slightly di�erent from

that in the testbeam. Thus the condition of the chamber, such as the saturation in the

chamber, was taken into account to estimate the systematic uncertainty on the CES

background subtraction.

We changed the background composition N

�

/N

�

0
from 0.75 to 1.3 to estimate the

systematic uncertainty.

The e�ects on the systematic uncertainty from these sources are plotted in Fig. 4.9.

It shows the systematic uncertainties on the cross section due to the background sub-

traction uncertainties as a function of photon p

T

, where the total uncertainty and the

uncertainties for each source are plotted. For simplicity, only the positive uncertainties

are shown. The negative uncertainties are the same fashions.
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4.5.1 Constraint on the CES Systematic Uncertainties with

CPR

If one assumes that the CES and CPR background subtraction methods work com-

pletely well and the systematic uncertainties in the CPR method are completely known,

the CES systematic uncertainties can be constrained by looking at a relative di�erence

between the numbers of photons from CES and CPR:

N

CES



� N

CPR



N

CPR



=

N

CES



N

CPR



� 1 : (4:24)

Figure 4.10 shows the ratio of the number of photon events obtained with the CES

pro�le method to that with the CPR conversion method as a function of photon p

T

. All

points in this plot are in � 0:1 band within error bars. Since the systematic uncertainty

in the CPR method, as is seen in the next section, is reasonably smaller than that in

the CES method, the systematic uncertainty in the CES method is constrained by the

CPR method to be 10%.

4.6 CPR Conversion Method E�ciencies

The CPR conversion method is an independent scheme from the CES pro�le method

to extract real photon events from the photon candidates. In this section we describe

the calculation and calibration of these e�ciencies.

4.6.1 CPR signal and background e�ciencies

In order to evaluate the CPR e�ciencies, we used the following equations of the

photon conversion probability [41]

�



= 1 � exp (�7=9 � t ); (4:25)
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�

b

= 1 � exp (�7=9 � t � N



(p

T

) ); (4:26)

where t is the amount of materials in front of the CPR in units of radiation length.

N



(P

T

) is the average number of photons coming from background mesons into the

CPR cluster. This changes with the particle type and its p

T

. The e�ect of the particle

type is estimated with the simulated �

0

, � and K

0

s

with a relative production ratio of

1 : 1:02 : 0:4 (see section 4.4.1 and 4.4.1) .

These e�ciencies were corrected for the following e�ects. First the e�ciencies are

changed as a function of the polar angle � of the particle, because the total material

for the particle passing through is changed as the � of the particle is changed. We

correct for the e�ect on event-by-event basis. Next, the e�ect of the backscattered

photons and electrons from an EM shower inside the calorimeter is estimated. These

particles are produced during the electromagnetic shower after penetrating the CPR,

their momenta are soft, then they are scattered inside the CEM with a large scattering

angle, giving signals in the CPR. This correction is estimated with the electromagnetic

shower simulation. The last correction, which is applied only to �



, is for the e�ect of the

soft photons in the underlying event. It is estimated with the minimum bias triggers.

4.6.2 Calibration for the CPR E�ciencies with the Recon-

structed Neutral Mesons

The CPR hit rate measured by the fully reconstructed neutral mesons (�

0

, � and

� ) can be used to check the CPR hit rate simulation. Since the CPR was installed to

the CDF in 1992, the dataset which was used to calibrate the CPR is di�erent from that

used for CES calibration. The data used in this calibration was taken during the 1992-

1993 collider run. Figure 4.11 shows the diphoton invariant mass distribution of the �

0

and � mesons, and diphoton plus charged track mass distribution of the � meson, with

the transverse energy of the leading photons larger than 8GeV. We calculated the CPR

hit rate with these reconstructed neutral mesons by looking at the hit rate of the event
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in the peak region ( signal plus backgrounds ) and that in the sidebands ( backgrounds ) .

The expected CPR hit rate is also calculated with the simulation. These are described

in detail in [45][46]. The measured (expected) conversion rate is :842 � :008 (:847) for

the �

0

, :831 � :01 (:842) for the �, and :836 � :010 (:834) for the �

0

from � meson decay.

All measured results and predicted results taking the corresponding detector materials

into account show good agreement with each other.

4.7 Sources of the Systematic Uncertainties for CPR

E�ciencies

The uncertainties in the CPR e�ciencies due to the material count for the solenoid

magnet were estimated with the QFL simulation. The uncertainties were

�

�

b;material

= 0:006 (4:27)

for the background e�ciency and

�

�

;material

= 0:0078 (4:28)

for the photon e�ciency.

The uncertainties in the CPR e�ciencies due to the backscattered showers inside the

CEM were estimated with the EM shower simulation [13]. The uncertainties were

�

�

;backscatter

= (1� �



)� P

bs

(4:29)

for photon e�ciency and

�

�

b;backscatter

= (1� �

b

)� P

bs

(4:30)

for background e�ciency. Here P

bs

is the probability for the backscattered showers and
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is parameterized with the shower simulation as,

P

bs

=

7:4 � 10

�4

� p

T

sin �

: (4:31)

where p

T

is the momentum of the photons/backgrounds in GeV/c , and � is a polar angle

of the photons/backgrounds.

The uncertainty in the CPR background e�ciency due to the background composi-

tion was estimated by a same method as in the estimation of the uncertainty in the CES

background e�ciencies. The uncertainty was

�

�

b;bgcomposition

= 0:008 : (4:32)

4.8 Photon Identi�cation Using CES and CPR Ef-

�ciencies

The �nal plot of the CPR hit rate e�ciencies for both photons and backgrounds is

shown in Fig. 4.12. It shows the CPR e�ciencies at sin � = 0.9, where � is the polar angle

of photons and backgrounds. The dotted lines are the bounds of the total systematic

uncertainties described above.

Figure 4.8 and Fig. 4.12 show that the CES pro�le method has a large power for

separating signal events from background-contained candidates (j�



� �

b

j is large) , but

it has a dependence on p

T

and degrades the separation power at high p

T

. Although the

CPR conversion method has a relatively small separation power at low p

T

compared

with the pro�le method, it is almost independent of p

T

at high p

T

region. We use both

methods in this measurement. We choose the p

T

threshold to be 35GeV/c, and we use

the CES pro�le method when the EM cluster has p

T

� 35GeV and otherwise the CPR

conversion method.
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Figure 4.1: Comparison of the CES �

2

distributions between the real W electrons and

the simulated electrons, in (a) strip view, (b) wire view and (c) the average of both

views.
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Figure 4.2: Invariant mass distribution of the diphotons in � mass region. The points

are the data and the line is a �t to two Gaussians.
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Figure 4.3: The CES �

2

distributions of the photons from � meson decays in the strip

view. The solid line shows the result from the QFL simulation.

74



Figure 4.4: The detection e�ciency times the branching ratio of each background mesons

is shown as a function of the particle p

T

.
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Figure 4.5: Invariant mass distribution of the diphotons in �

0

and � mass region. The

solid line is the result of the 2 gaussians plus polynomial �t, the dashed line is the back-

ground shape as a result of this �t, and the dotted line is the sum of the contamination

of the single photons plus backgrounds.
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Figure 4.6: Invariant mass distribution of diphotons plus a charged track in � mass

region. The dashed line is the result of the estimation of the combinatorial background

(linear) , the solid line is the �tted result of the signal (Breit-Wigner form) plus back-

ground shape.
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Figure 4.7: The �

2

CES

distribution for �

0

's from � meson decay and that from the

simulation.
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Figure 4.8: �

2

CES

� 4 cut e�ciencies for photons and backgrounds. The dotted lines are

the systematic boundaries (see text) of the CES e�ciencies.
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Figure 4.9: E�ect of the systematic uncertainties in the �

2

cut e�ciencies on the cross

section measurement. Curve A is the total uncertainty, and curves B -E are the uncer-

tainties from each source.
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Figure 4.10: Ratio of the number of photons from the pro�le method and that from the

conversion method. The error bars are statistical only.
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Figure 4.11: Invariant mass distribution of the diphotons in �

0

and � mass region. It

was used for the calibration of the CPR conversion method.
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Figure 4.12: The CPR hit e�ciencies for both photons and backgrounds at sin � = 0.9,

where � is the polar angle of photons and backgrounds. The systematic bounds of the

e�ciencies are also shown.
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Chapter 5

Measuring the Diphoton Cross

Section

In this chapter we describe the photon fraction in the diphoton candidates and the

diphoton cross section as a function of the photon p

T

, the invariant mass of the diphoton

system, the azimuthal angle di�erence between the two photons, the diphoton system

p

T

, and the p

T

ratio of the two photons (Z ) .

5.1 Result of the Background Subtraction and Fi-

nal Diphoton Events

The background subtraction described in the previous chapter is applied to the

diphoton candidates which are selected in Chapter 3. The result is shown in Table 5.1.

The number of total diphoton candidates (N

TOT

) , the estimated real diphoton events

(N



) and the background events (N

b

+N

b

; N

bb

) are shown in each photon p

T

bin. Here

we put two entries in one event. The number of diphoton events N



will be used to

calculate the photon fraction in the diphoton candidates, and the diphoton cross section.
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p

T

(GeV/c) N

TOT

N



N

b

+N

b

N

bb

12-14 348 147.8�32.4 39.0�44.4 161.2�34.5

14-16 255 85.3�26.8 65.6�37.6 104.2�28.6

16-20 292 95.8�28.0 69.4�39.8 126.7�30.8

20-24 126 92.6�21.4 -14.9�27.7 48.4�21.5

24-30 61 26.1�17.4 9.0�24.4 25.9�18.4

30-48 50 50.8�34.6 -32.3�41.1 31.6�24.5

Table 5.1: The results of the background subtraction described in Chapter 4.

5.2 Photon Fraction in Diphoton Candidates

The photon fraction in our diphoton candidates is de�ned by

Photon Fraction �

N



N

TOT

; (5:1)

where N



is the number of real diphoton events and N

TOT

is the number of total

diphoton candidate events. The measured photon fraction is plotted as a function of p

T

of the photons in Fig. 5.1. It shows that the photon fraction becomes higher when p

T

becomes larger, although the statistics are low.

We have also measured the photon fraction in the inclusive photon sample, which is

shown in Fig. 5.2. Here we can see more clearly that the photon selection criteria used

in this analysis make the candidates pure at high p

T

region.

5.3 The Diphoton Cross Section

In this section we show the procedure for evaluating the diphoton cross section. The

results are compared with the NLO QCD calculation of �pp! X [11]. The systematic

uncertainties from various sources are summarized.
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5.3.1 Evaluation of the Diphoton Cross Section

The diphoton cross section is calculated by using the number of real diphoton events

N



and correcting for the e�ciencies of each selection criterion and the level 2 trigger.

The diphoton cross section as a function of the photon p

T

is calculated by

d�



dp

T

=

N



�

TOT

L�p

T

; (5:2)

where N



is the number of diphotons listed in Table 5.1, �p

T

is the width of each p

T

bin, L is the total integrated luminosity and �

TOT

is the total e�ciency. The total lumi-

nosity accumulated by the diphoton trigger system was 101.1 pb

�1

. The total e�ciency

�

TOT

is given by the product of the e�ciencies of each selection criterion,

�

TOT

= �

�d

(1)

� �

�d

(2)

� �

conv

(1)

� �

conv

(2)

� �

trk

(1)

� �

trk

(2)

� �

iso

(1)

� �

iso

(2)

� �

zvert

� �

ext

(1)

� �

ext

(2)

� �

L2

:

(5:3)

where �

�d

, �

conv

... are given in Table 3.3 in Chapter 3.

Figure 5.3 shows the diphoton cross section as a function of the photon p

T

, where

each event is entered twice, once for each p

T

of the two photons. The solid line shows

the NLO QCD prediction with CTEQ2M [10] structure functions. The NLO QCD

prediction includes the energy isolation cut (extra energy in cone 0.4 � 1GeV) and

rapidity cut (j�



j � 0:9) . The statistical and systematic uncertainties in the diphoton

cross section are shown in this plot. The result is in qualitative agreement with the

NLO QCD prediction. The numerical values for the diphoton cross section are listed in

Table 5.2.

We also measured the diphoton cross section as a function of the invariant mass of

the diphotons M , the azimuthal angle between two photons ��, the diphoton system
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p

T

(GeV/c) hp

T

i d�



=dp

T

(pb/GeV/c) Stat. (%) Sys. (%)

12-14 13.0 4.95 17 21

14-16 14.9 3.00 23 21

16-20 17.7 1.94 19 21

20-24 21.6 1.45 20 21

24-30 26.6 0.38 42 20

30-48 35.5 0.22 49 21

Table 5.2: The diphoton cross section as a function of the photon p

T

. The statistical

and systematic errors are also listed. We put two entries per event.

M(GeV/c

2

) hMi d�



=dM(pb/GeV/c

2

) Stat. (%) Sys. (%)

10-20 15.2 0.166 39 21

20-25 23.4 0.399 48 20

25-30 27.7 0.739 30 21

30-35 32.3 0.650 33 21

35-45 38.8 0.232 44 21

45-60 50.3 0.166 39 20

60-120 75.7 0.0179 125 21

Table 5.3: The diphoton cross section as a function of the invariant mass of the diphotons

M . The statistical and systematic errors are also listed.

��(Rad) h��i d�



=d��(pb/Rad) Stat. (%) Sys. (%)

2.62-2.84 2.74 4.00 116 21

2.84-2.94 2.89 18.8 56 20

2.94-3.04 2.99 43.1 24 21

3.04-3.09 3.06 49.5 34 21

3.09-3.14 3.12 58.9 56 21

Table 5.4: The diphoton cross section as a function of the �� between the diphotons.

The statistical and systematic errors are also listed.
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p

T

(GeV/c) hp

T

i d�



=dp

T

(pb/GeV/c) Stat. (%) Sys. (%)

0-1 0.66 1.33 46 21

1-3 2.11 1.46 34 21

3-5 3.98 1.27 40 20

5-8 6.58 1.02 52 21

8-13 10.1 0.53 36 21

Table 5.5: The diphoton cross section as a function of the p

T

of the diphoton system.

The statistical and systematic errors are also listed.

Z hZi d�



=dZ(pb) Stat. (%) Sys. (%)

0.45-0.70 0.617 17.5 27 21

0.70-0.85 0.784 28.3 33 21

0.85-0.95 0.898 28.9 57 21

0.95-1.00 0.970 46.5 39 21

Table 5.6: The diphoton cross section as a function of the p

T

ratio of the diphotons Z.

The statistical and systematic errors are also listed.

p

T

, and the p

T

ratio of the photons Z. The Z is de�ned by

Z =

p

(2)

T

p

(1)

T

; (5:4)

where p

(1)

T

and p

(2)

T

are the p

T

's of the leading and next leading photons, respectively.

The results are plotted in Figs. 5.4, 5.5, 5.6 and 5.7. The numerical values are listed in

Tables 5.3, 5.4, 5.5 and 5.6.

The cross sections as a function of the invariant mass and �� are in qualitative

agreement with the NLO prediction, while the cross sections as a function of the diphoton

system p

T

and the Z show slight di�erences compared with the theory.

5.3.2 Summary of the Systematic Uncertainties

In Table 5.7 we summarize the systematic uncertainties in the measured cross section.
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ITEM VALUE

Uncertainty in CES background subtraction 15% (12� E

T

� 30GeV)

Uncertainty in CPR background subtraction 10% (E

T

� 30GeV)

Uncertainty in L2 Trigger E�ciency 2%

Uncertainty in Isolation Cut 1%

Uncertainty in no-tracks requirement 1%

Uncertainty in Photon Energy Scale 4.5%

Uncertainty in Luminosity 8%

Table 5.7: Summary of the systematic uncertainties.

The uncertainties on the background subtraction with the CES and the CPR come

from the uncertainties in the e�ciencies for the CES pro�le method and the CPR con-

version method, which are described in chapter 4. They make a contribution of 15%

cross section uncertainty in the CES method and 10% in the CPR method.

The total systematic uncertainty is 21%. It is dominated by the uncertainty from

the background subtraction.
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5.4 Comparison with the Previous CDF Measure-

ment

Here we present a list of improvements in the diphoton cross section measurement

in this analysis, compared with the previous diphoton cross section measurement [19].

Integrated Luminosity

The integrated luminosity accumulated by the CDF diphoton trigger during the

1992-1995 collider run was 101:1pb

�1

, which was about 24 times larger than the previous

diphoton analysis (4:3pb

�1

during the 1988-1989 collider run) .

Diphoton Trigger

The level 2 diphoton trigger was changed. The isolation criterion using the neural

network system. was added. We evaluated the trigger e�ciency with the dielectron

sample. The e�ciency was measured to be 0:84� 0:02 .

Isolation Criterion

At o�ine we used the extra transverse energy in the cone 0.4� 1GeV as an isolation

criterion, and the e�ciency of the criterion to the signal was evaluated. It had a good

e�ciency for photons (90%) and rejected the backgrounds e�ectively.

CPR Conversion Method

In the previous diphoton measurement, only the CES was used to subtract the

backgrounds. The diphoton cross section as a function of the photon p

T

had been

measured up to p

T

� 19GeV. The systematic uncertainty was about 40% (see Table 1.1

in Chapter 1) . In this analysis, we used the CES and the CPR for the background

subtraction. The CPR had a smaller systematic uncertainty at high p

T

than the CES
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(see Figs. 4.8 and 4.12 in Chapter 4) . By using the CPR in addition to the CES, we

were able to measure the diphoton cross section up to p

T

� 48GeV orM � 120GeV=c

2

.

Photon Fraction in the Diphoton Candidates

We measured the photon fraction as a function of the photon p

T

. We found that

the selection criteria used in this analysis made the diphoton candidates more pure at

high p

T

.

Comparison of the Diphoton p

T

Cross Section with the Previous Diphoton

Result

In the previous diphoton cross section measurement, the cross section as a function of

the photon p

T

was about 3 times larger than the NLO prediction, although the statistics

was limited (see Fig. 1.8 in Chapter 1) .

We compare the present result of the diphoton cross section as a function of the

photon p

T

with the previous diphoton result at CDF in Fig. 5.8, where the circles show

the present result and the triangles show the previous result with the total integrated

luminosity of 4.3 pb

�1

. The result of this analysis is in agreement with the previous

diphoton result within error bars. The di�erence between the data and the NLO predic-

tion which was seen in the previous measurement is not seen in the present measurement

with higher statistics.
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Figure 5.1: Photon fraction in the diphoton candidate events as a function of the photon

p

T

. In this plot we put two entries per event.
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Figure 5.2: Photon fraction in the inclusive photon sample as a function of the photon

p

T

. The open circles show the photon fraction measured by the CES method, and the

triangles show the photon fraction measured by the CPR method.
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Figure 5.3: The cross section for diphoton production as a function of the photon p

T

.

The points show the measured cross section. The statistical errors and the quadratic

sum of the statistical and systematic errors are shown. The solid line shows the NLO

QCD prediction with the CTEQ2M parton distribution functions.
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Figure 5.4: The cross section for diphoton production as a function of the invariant mass

of the diphotons. The solid line shows the NLO QCD prediction.
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Figure 5.5: The cross section for diphoton production as a function of �� between the

two photons. The solid line shows the NLO QCD prediction.
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Figure 5.6: The cross section for diphoton production as a function of the system p

T

of

the diphotons. The solid line shows the NLO QCD prediction.
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Figure 5.7: The cross section for diphoton production as a function of the p

T

ratio of

the diphotons. The solid line shows the NLO QCD prediction.
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Figure 5.8: The present result of the diphoton cross section as a function of the photon

p

T

(circles) is compared with the previous diphoton result at CDF (triangles) .
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Chapter 6

Conclusion

We have measured the prompt diphoton production cross section in �pp collisions

at a center-of-mass energy of

p

s = 1:8TeV. The total integrated luminosity was about

110pb

�1

, which was about 24 times larger than that in the previous CDF diphoton

measurement.

The level 2 diphoton trigger included the isolation criterion, and the e�ciency of the

trigger was studied. The level 2 trigger e�ciency was evaluated to be 0:84� 0:02.

In o�ine analysis, the isolation criteria of extra transverse energy in the cone 0.4�

1GeV was used, and its e�ciency for the diphotons was studied. The isolation cut

e�ciency for the diphotons was estimated to be about 90%.

We used the CES pro�le method and the CPR conversion method to subtract the

background events. We used the CPR conversion method at high p

T

events. As a result,

we were able to measure the diphoton cross section up to p

T

� 48GeV/c.

We measured the photon fraction as a function of the photon p

T

. It showed that the

selection criteria used in this analysis made the diphoton candidates more pure at high

p

T

.

The di�erential cross section was evaluated as a function of the photon p

T

, the

invariant mass of the diphotonsM , the azimuthal angle between the two photons ��, the

p

T

ratio of the two photons Z = p

(2)

T

=p

(1)

T

and the transverse momentum of the diphoton

100



system. The total systematic uncertainty in the diphoton cross section measurement

was estimated to be 21%.

We compared the result of the diphoton cross section with the NLO QCD predictions

with CTEQ2M parton distribution functions. The diphoton cross section as a function

of the photon p

T

was in qualitative agreement with the theory. It was also consistent

with the previous diphoton cross section measurement within error bars. The cross

section as a function of the invariant mass and �� were in qualitative agreement with

the theory. Slight di�erences between the data and the theory were seen in the diphoton

cross section as a function of the diphoton system p

T

and of the p

T

ratio.
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Appendix A

The Standard Selection Criteria for

Electrons

In this appendix we describe the standard selection criteria for electrons used in

CDF.

A.1 The Selection Criteria for Electrons

A.1.1 3D Track Cut

The CTC is operated in an axial magnetic �eld. Charged particles follow a helical

trajectory. The helix is de�ned by the 5 parameters, curvature C (inverse diameter of

the circle in R � �), impact parameter D

0

(distance of closest approach to R = 0), �

0

(azimuthal direction at the point of closest approach to R = 0), z

0

(the z position at

the point of closest approach to R = 0), and cot �, where � is the polar angle.

The number of 3D tracks pointing at the EM cluster is de�ned by the number of

3D tracks whose extrapolated positions to the CEM are inside the EM cluster. In the
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standard electron analysis in the CDF, the EM cluster is required to have

Number of 3D tracks � 1; (A:1)

for high p

T

electron analysis. In low p

T

electron analysis, a tighter criterion of the 3D

tracks

Number of 3D tracks = 1; (A:2)

is required to the EM cluster in order to reduce the backgrounds in the electron candi-

dates.

A.1.2 E=P

The variable we call E=P is de�ned by

E=P �

E

T

p

T

; (A:3)

where E

T

is the transverse energy measured in CEM, p

T

is the transverse momentum

measured in CTC. Ideally the ratio of E

T

and p

T

for electrons should be 1. The shape

of E=P distribution becomes broad due to �nite resolutions in measuring E

T

and p

T

,

and it has a longer tail at high E=P because of the bremsstrahlung.

In the CDF standard electron selection criteria, E=P is required to be

E =P � 1:8: (A:4)

A.1.3 Had=EM

As the CEM is designed so that the electron deposits almost its energy to the CEM,

the ratio of the transverse energy in the CHA and that in the CEM, called Had=EM ,

is a good parameter to discriminate the backgrounds from electrons. In the standard
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electron analysis, the following criterion

Had=EM � 0:05 ; (A:5)

is required to the electron dataset.

A.1.4 Lateral Shower Sharing: L

shr

The CEM tower is large enough to contain a full EM shower. If an electron hits a

region in a CEM tower well away from its boundary, the electron deposits its energy on

that tower, and nearly none on two adjacent towers in � direction. On the other hand,

in the case of multiple particles from QCD events, energy deposition in the CEM tower

adjacent to the seed tower (the tower in which the particles hit) will be di�erent from

that in the electron case.

In order to reject the multiple particle backgrounds, we de�ne a variable \lateral

shower sharing (L

shr

) :

L

shr

� 0:14

X

i

E

meas

i

� E

pred

i

r

(�E)

2

+

�

�E

pred

i

�

2

; (A:6)

where E

meas

i

is the energy deposition in the CEM tower i, E

pred

i

is the expected energy

deposition in the CEM tower i, �E is the uncertainty in the energy measurement with

the CEM(�E = 0:14=

p

E) and �E

pred

i

is the error associated with E

pred

i

. The sum runs

over the two towers in � direction adjacent to the seed tower. E

pred

i

is determined by

the CDF testbeam data, as a function of the seed tower energy and the direction of the

CES shower center relative to the event vertex. �E

pred

i

is given by the propagation of

the error of the shower center measurement in the CES to the predicted energy E

pred

i

.

In the electron selection, it is required to be a small value:

L

shr

� 0:2: (A:7)
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A.1.5 Lateral Shower Pro�le: CES �

2

In electron analysis, the di�erence of the lateral shower pro�le at the shower maxi-

mum region between electrons and multiple particles from QCD events are used to reject

the backgrounds. Using the de�nition of Eq. 3.11, we require the events to have

�

2

strip

� 10: (A:8)

A.1.6 Position Matching between the Track and CES Hit Po-

sition

In order to reject the multiple particle backgrounds, we require the matching of the

3D track and the CES hit position. Here the CES hit position is de�ned by the position

of the seed CES cluster in the CEM cluster. In electron analysis we required the events

to satisfy

j�xj � 1:5cm; (A:9)

j�zj � 2:5cm; (A:10)

where j�xj (j�zj) is the position di�erence between the track and the hit position in

X

CES

(Z

CES

) view in the CES coordinate.
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Appendix B

Standard CES Pro�le

In this appendix we describe the standard CES pro�les for electrons which were

evaluated from the CDF central calorimeter testbeam done at 1985.

B.1 Standard CES Pro�le

The pro�les are evaluated for both the CES analysis and the QFL simulations. We

de�ne f(x) and I(x), the instantaneous and the integrated fractional energies in 1mm

bins respectively:

f (x) =

Z

x

x�1

�(x

0

)dx

0

; (B:1)

I(x) =

Z

x

�1

f(x

0

)dx

0

; (B:2)

where the parent distribution �(x) is normalized to unity:

Z

1

�1

�(x

0

)dx

0

= 1: (B:3)

If f(x) and I(x) are obtained from the testbeam results, one can calculate P (X),

the fractional energy deposited in a channel at distance X from the shower center, and

dP (X)=dX, the derivative of the fractional pulse height with respect to changes in
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shower position:

P (X) = I(X)� I(X � �X) (B:4)

dP (X)=dX = f (X) � f(X � �X) (B:5)

P (X) and dP (X)=dX are used for �tting the CES cluster of real data.

B.2 Strip/Wire Pro�le Di�erences

The parent wire pro�le, �(x), is independent of the X position of the shower cen-

ter (X

0

) and is symmetric about X

0

, while the parent strip pro�le depends on the Z

position of the shower center (Z

0

) and not symmetric about Z

0

. This asymmetry is

caused by two reasons; one is simply the geometry of the CES and incident electrons,

which is corrected by the following transformation:

Z

0

= Z sin �; (B:6)

where � is the polar angle of the incident electron with respect to the detector z axis.

Another reason is the total amount of materials in front of the CES varies depending

on the angle of the incident electrons, which is corrected by multiplying cos � to the

asymmetric parent function, f

s;anti

(z

0

).

The strip pro�le is decomposed into a symmetric pro�le f

s;sym

and an antisymmetric

pro�le f

s;anti

, which are de�ned by:

f

s;sym

(z) =

1

2

ff

s

(z) + f

s

(�z)g ; (B:7)

f

s;anti

(z) =

1

2

ff

s

(z) � f

s

(�z)g : (B:8)

So the complete strip pro�le is written by:

f

s

(z

0

) = f

s;sym

(z

0

) + f

s;anti

(z

0

)cos �; (B:9)
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Parameter g b

1

b

2

q

1

q

2

X(Wire) Value 0.311 0.472 2.065 -0.031 -0.044

Z(Strip) Value 0.269 0.583 2.182 -0.031 -0.044

Table B.1: parameters

Figure B.1 shows the standard electron pro�les and the standard electron integral

pro�le, both of which are from the electron testbeam results. Both plots are normalized

to unity.

B.3 Parametrization of the CES Standard Pro�le

B.3.1 Parametrization of the Symmetric Pro�le

The transverse pro�le in a radial coordinate is parametrized as a double exponential

form:

I(r) =

0:5

1 + g

"

exp

 

�

jrj

b

1

!

+ g exp

 

�

jrj

b

2

!#

(B:10)

Note that I(r) is symmetric about r = 0 and I(0) = 0:5. I is then transformed from a

radial coordinate to the x and z positions measured by the strip chambers:

I(X) =

0:5

1 + g

x

"

exp

 

�

jXj

b

1x

 

1 +

q

1x

jXj

b

1x

!!

+ g

x

exp

 

�

jXj

b

2x

 

1 +

q

2x

jXj

b

2x

!!#

;

(B:11)

I(Z) =

0:5

1 + g

z

"

exp

 

�

jZj

b

1z

 

1 +

q

1z

jZj

b

1z

!!

+ g

z

exp

 

�

jZj

b

2z

 

1 +

q

2z

jZj

b

2z

!!#

; (B:12)

where X and Z are given in cm.

Table B.1 shows the parameters of the symmetric pro�le.
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B.3.2 Parametrization of the Antisymmetric Pro�le

The integral from �1 to Z of the antisymmetric distribution can be parametrized

as:

�I(Z) = (a+ b jZj) exp

 

�

jZj

b

3

!

; (B:13)

where Z is the shower coordinate relative to shower center. a, b and b

3

are therefore

a = �0:026; b = �0:022 and b

3

= 1:60. Using these values, Eq. B.13 multiplied by a

factor

f = 1 + 0:35 exp (�jZj=5:) (B:14)

�ts the 1985 testbeam data within 5 cm of the shower center.

B.3.3 Energy Scaling of the Variance

The variance �

2

i

, the squared RMS uctuation of the CES channel i measured pro�le

depends on the number of secondary particles passing through the CES. Basically the

number of secondaries is proportional to the primary electron's energy (N � E) , and

assuming Poisson uctuations in the fractional number of secondaries in each channel

(�

2

i

= 1=N

i

) gives a variance:

�

2

i

� 1=E: (B:15)

From 1985 testbeam, we estimated the energy dependence of the variance of the CES.

�

2

i

= �

2

10;i

�

10

E

�

0:747

(B:16)

where

�

2

10;i

= (0:026)

2

+ y(x

i

) (0:096)

2

(B:17)

is the variance of channel i in the normalized pro�le determined from 1985 10GeV

testbeam electrons. Equation B.16 and the power 0.747 in that equation were determined

from the measured CES response vs. energy in 1985 testbeam data.
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Figure B.1: (a) The standard electron pro�les and (b) the standard electron integral

pro�le. These are obtained from the electron testbeam. In both (a) and (b), the solid

line is the wire pro�le, the dashed line is the symmetric strip pro�le and dotted line is

the antisymmetric pro�le.
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